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Various solutions of the atmospheric neutrino data are reviewed. Apart from or- 
thodox two flavor <-* v T oscillations and three flavor oscillations, there are still 
possibilities, such as four flavor oscillations with the (2+2)- and (3+1)- schemes, 
a neutrino decay scenario and decoherence, which give a good fit to the data. 



1 Introduction 

It has been known that the atmospheric neutrino anomaly 
can be accounted for by dominant «-> v r oscillations with almost maximal 
mixing, and the zenith angle-dependence of atmospheric ncui^nc^lias. been 
analyzed by many theorists Ii3 as well as by exugri n-ipnt a li sts pHpE HSffl M On 
the other hard the solar neutrino observations E3'oli30E3[L2 and the LSND 
experimentlij'Ej also suggest neutrino oscillations. A?7j 2 tm , Amg and Am^sND 
(the mass squared differences suggested by the atmospheric neutrino anomaly, 
the solar neutrino deficit and the LSND data) have different orders of magni- 
tudes and there have been a lot of works to analyze the atmospheric neutrino 
data from the view point of ordinary oscillations due to mass with two, three 
and four flavors as well as exotic scenarios. In this talk I will review the sta- 
tus of various scenarios which have been proposed to explain the atmospheric 
neutrino problem. 

2 Neutrino oscillations due to mass 

2. 1 Neutrino oscillations with two flavors 

The most up-to-date result of the two flavor analysis of <-> v T with 1289 
day data has been given by McGrewcl and the allowed region of the oscillation 
parameters at 90%CL is 

0.88 < sin 2 26W < 1 
1.6 x ICT 3 eV 2 < Am| tm < 4 x l(T 3 eV 2 . 

On the other hand, two flavor analysis of <-> v s has been done by the 
Superkamiokandc group using the data of neutral current enriched multi-ring 
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events, high energy partially contained events and upward going /x's, and they 
have excluded the two flavor oscillation <-> v s at 99%CLl3. 



2.2 Neutrino oscillations with three flavors 

The flavor eigenstates are related to the mass eigenstates by the 3x3 MNS 
mixing matrix: 

U e i U e2 U e3 \ I C12C13 S12C13 si3e~ 4<5 " 

Upl Ufj.2 U^z = -S12C23 - Ci2S23Sl3e j5 C12C23 - Si 2 S23Sl3e 115 S23C13 
. U T 1 U T 2 U T 3 J \ S12S23 - Ci2C23Sl 3 e J ' 5 -Ci 2 S 2 3 - Sl2C 2 3Sl3e 4<5 C23C13 

and without loss of generality I assume lAmfrJ < |Am| 2 | < jAm^l where 
Amfj = mf — m|, m 2 (j = 1, 2, 3) are the mass squared for the mass eigenstates. 
Since there are only two independent mass squared differences, it is impossible 
to account for the solar neutrino deficit, the atmospheric neutrino anomaly and 
LSND (the only nontrivial possibility is to take Am|i = Am^ tm and Am§ 2 = 
Am^ SND and to try to explain the solar neutrino problem with the energy 
independent solution; It turns out, however, that the main oscillation channel 
in the atmospheric neutrinos in this case is <-> v e and therefore the zenith 
angle dependence of the atmospheric neutrino data cannot be explained). So 
I have to give up an effort to explain LSND and I have to take Ato^i = Amg 
and Am\ 2 = Am 2 tm . Under the present assumption it follows Am^ tro = Am^ 
^Ato 2 ^ = Ajtiq and I have a large hierarchy between Am^ and Amj 2 . If 
|AtoqL/4E| -c 1 then from a hierarchical condition I have the oscillation 
probability 

P{v e -» i> e ) = 1 - sin 2 20 13 A 32 , 

where A jk = sin 2 (Am| fc L/4E), so if Am 2 tm > 2 x lCT 3 eV 2 then the CHOOZ 
reactor data0 force us to have either 6*13 ~ or #13 ~ tt/2. On the other 
hand, the solar oscillation probability in the three flavor framework is related 
to that in the two flavor case byE3 

P< 3 Ve - v e ;A(x)) = 4P (2) K - Ve;c 2 13 A(x)) +4, 

where A{x) stands for the matter effect. To account for the solar neutrino 
deficit, therefore, | S13 1 cannot be too large, so it follows that 1 6*13 1 <C 1 and the 
MNS mixing matrix U becomes 

C© _ Sq _ £ 

17 ~ I -s Q /V2~c Q /V2 c Q /V2-s Q /V2 l/y/2 
s q /V2-Cq/V2 -c Q /V2-s /V2 l/y/2, 
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which indicates that the solar neutrino problem is explained by oscillations 
half of which is v e — > and the other is v e — ► v r , and that the atmospheric 
neutrino anomaly is accounted for by oscillations of almost 100% — > v r 
(|e| = |flia| « 1). 

On the other hand, if Am 2 tm <2 x 10 3 eV 2 , then #13 can be relatively 
large (This possibility gives a bad fit to the atmospheric neutrino data but is 
not excluded at 4<tCL yet). From the combined three flavor analysis of the 
Superkamiokande atmospheric neutrino data with the CHOOZ data, it has 
been shownEo that | ^x3 1 £ t/12 is allowed at 99%CL. Hence the probability 

P(»n -> v e ) = s 2 3 sin 2 26> 13 A 32 

of appearance of is e can be relatively large and there is a chance in long baseline 
experiments to observe v e in this case. 

2.3 Neutrino oscillations with four flavors 

To explain the solar, atmospheric and LSND data within the framework of 
neutrino oscillations, it is necessary to have at least four kinds of neutrinos. 
In the case of four neutrino schemes there are two distinct types of mass pat- 
terns. One is the so-called (2+2)-scheme (Fig. 0(a)) and the other is the 
(3+l)-scheme (Fig. 0(b) or (c)). Depending on the type of the two schemes, 
phenomenology is different. __ 

The atmospheric neutrino data were analyzed by Refs.cJO with the (2+2)- 
scheme. Here I assume the mass pattern in Fig. |l](a) with Am|i = Atoq 
and A77143 = Am 2 tm . I also assume U e 3 = f/ e 4 — 0, which is justified 
from the Bugey reactor constraint |t/ e 3| 2 + |£/ e 4| 2 <§; 1, and Attjq = 0, since 
\/S.rn^ J L/2E\ <C 1 in the atmospheric neutrino oscillations. I take the reference 
value Am 2 SND = 0.3 eV 2 so that the result with large |t/ M 3| 2 + |^4| 2 do not 
contradict with the CDHSW constraint 

1 - P(i/„ Vfl ) = 4(|£/ /l3 | 2 + |^ 4 | 2 )(1 - \U^\ 2 - |^4| 2 )A 3 2 
< sin 2 26'cDHSw(Am3 2 )A 32 , 

where sin 2 2#cdhsw4A to2 ) stand for the value of the boundary of the excluded 
region of CDHSW E3 in the two flavor analysis as a function of Am 2 . With 
these assumptions, u e decouples from other three neutrinos, and the problem is 
reduced to the three flavor neutrino analysis among i/„, v T , v s and the reduced 
MNS matrix is 

V U s2 U s3 U s4 J 
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Figure 1: Mass patterns of four neutrino schemes, (a) corresponds to (2+2)-scheme, where 
either OAm^ = Am|, |Am| 3 | = Am^J or (|Am| 3 | = Am|, |Am| x | = Am| tm ). 
(b) and (c) are (3+l)-scheme, where |Ajn|]J = Am^gj^p and either QAm^ = Am|, 
[Am| 2 | = Am^ m ) or (|Aro 32 | = Arrig, |Am|jJ = Am^ tm ) is satisfied. 



with D = diag (e iSl/2 , 1, e~ iSl/2 ) (Xj are the 3 x 3 Gell-Mann matrices) is the 
reduced 3x3 MNS matrix. This MNS matrix U is obtained by substitu- 
tion — * 623 — 7r/2, 613. — > 024, #12 — * tt/2 — 034, <5 — > 61 in the standard 
parametrization in Ref. C3. 034 corresponds to the mixing of «-> i/ T and 
^s, while 023 is the mixing of the contribution of sin 2 (Am 2 tm L/4.E) 
and sin 2 (Am 2 SND £/4-E) hi the oscillation probability. The^llowed region at 
90%CL of the atmospheric neutrino data is roughly given byCJ 30° < 024 < 55°, 
< 023 < 30°, -9O°0 23 < 90°. The reasons that the (2+2)-scheme is consistent 
with the recent Superkamiokande data are because both solar and atmospheric 
neutrinos have hybrid of active and sterile oscillations in this scheme and be- 
cause there is a constant term in the surviving probability 

P^n -!/„) = 1 - 4|[/ M3 | 2 |E/ M 4| 2 A 4 3 - 2(|C/ M3 | 2 + |tvi 2 )(i - |c/ M3 | 2 - |tvi 2 ) 

due to nonvanishing contribution of sin 2 (Am 2 jSND L/4_B), where I have aver- 
aged over rapid oscillations: sin 2 (ATO 2 jSND L/4i?) — * 1 /?■ 

On_the other hand, it has been shown in Refs. Ekj using older data of 
NDE3 that the (3+l)-scheme is inconsistent_with the Bugey reactor data 
and the CDHSW disappearance experiment E3 of v^. However, in the final 
result the allowed region has shifted to the lower value of sin 2 20 and it was 
shownc3 that there are four isolated regions Am 2 SND ~0.3, 0.9, 1.7, 6.0 eV 2 
which satisfy both the constraints of Bugey and CDHSW and the LSND data 
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at 99%CL. The case of Am 2 SND =0.3 e V 2 turns out to. be excluded by the 
Superkamiokande atmospheric neutrino data at 6.9<tCLE1 For the other three 
values of Ato^snD' I have [7 e4 ~ U^i ~ and this case is reduced to the 
analysis in the (2+2)-scheme with 623 = 0. The allowed region at 90%CL 
is given roughly by — 7r/4 < 634 < 7r/4, 0.8 < sin 2 26*24 < 1, where 634 and 624 
stand for the mixing of «-> v r and <-> f s and the mixing of atmospheric 
neutrino oscillations, respectively. 

3 Exotic solutions 

Apart from ordinary oscillations due to mass, several possibilities have been 
proposed which predict different behaviors of the oscillation probability as a 
function xif the neutrino energy. Those include, violation of the equivalence 
principled, violation of the Lorentz irparianceLj, presence_o£_torsionEj, flavor 
changing neutral current interactions^, neutrino decays decoherence of 
the neutrino beam El, large extra dimensions Ej, etc. As in the case of test of 
sterile oscillations, the zenith angle dependence (or the up-down asymmetry) 
of the high energy atmospheric neutrino data give strong constraints on these 
exotic scenarios. In the case of violation of the equivalence principle or the 
Lorentz invariance, the disappearance probability P^ M = P(y^ — > v^L) is 
given by 

P m = \- sin 2 20 sin 2 (const • EL) 

and in the case of flavor changing neutral current interactions 

P w = 1 — sin 2 26 sin 2 (const • L) . 

Both, possibilities are strongly disfavored (See Fig. ^ which is taken from 
Ref.Q). 

In the case of neutrino decays, which were originally introduced to try 
to explain the solar, atmospheric neutrinos and LSND within the three flavor 
framework with two oscillation parameters Amfi, Am§ 2 and one neutrino 
decay constant a, the disappearance probability is 

Pfifi = sin 4 9 + cos 4 9 exp(—aL/E) H — sin 2 29 exp{~aL/2E) cos (Am 2 L/2E) 
which has the following two extreme cases: 

-Paiai = shi 4 8 + cos #exp(— aL/E) Am 2 — > 00 (case A), 

P w = [sin 2 9 + cos 2 (9exp(-<xL/2P)] 2 Am 2 -> (case B). 



■5 



L/E 2 L/E |= LiE 




-2 -1.5 -1 -0.5 0.5 1 

Energy Index n 

Figure 2: \ 2 of the SK atmospheric neutrino data as a function of index n (1 — P f 
sin 2 29 sin 2 (consti? n L)). n = — 1 corresponds to ordinary oscillations due to mass. 
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Figure 3: Behaviors of the surviving probability Piy^ — > v^) as a function of L/E for 
scenarios of oscillations, decay, decoherence and extra dimensions. 
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If the case A gave a good fit to the data then it would be possible to account 
for the solar neutrino deficit, the atmospheric neutrino anomaly and the LSND 
data within the three flavor framework by putting Am^ = Atoq, Ato 2 2 = 
^ m LSNDi a = ^ TO atm' but unfortunately it is not the case. It has been shojsai 
that the case A gives a bad fit but the case B gives a good fit to the dataE3. 
Similarly, decoherence of the neutrino beam predicts 

P MM = 1 - sin 2 29 (1 - e^ L ) , 

and this scenario has been shown0 to give a good fit to the data. 

Before the announcement against sterile oscillations in both solar and 
atmosphericfl neutrino data by the Superkamiokande group in June 2000, sev- 
eral groups cil claimed that scenarios of large extra dimension give a good fit 
to the data of solar neutrinos or atmospheric neutrinos. However, oscillations 
predicted by those scenarios are basically sterile oscillations and they may no 
longer give a good fit to the data. 

The behaviors of the surviving probability P{y^ ~a v^) in vacuum is plot- 
ted as a function of L/E in Fig. || (taken from Ref. c3) for various scenarios. 
The main difference between the oscillation due to mass and the exotic scenar- 
ios is that the former has dip in the surviving probability and it will be possible 
to check the existence of the dip in long-baseline experiments or atmospheric 
neutrino experiments like MONOLITHcij in the future. 



4 Summary 

In this talk I have reviewed various solutions of the atmospheric neutrino data. 
The two flavor «-> v T oscillation with almost maximal mixing gives an ex- 
cellent fit to the data, and consequently so does the three flavor oscillation 
with small #13. As for four flavor oscillation scenarios, there are two types of 
schemes. The (2+2)-scheme is still consistent with both the solar and atmo- 
spheric neutrino data, since both solar and atmospheric neutrino oscillations 
are hybrid of active and sterile oscillations. The (3+l)-scheme is allowed for 
^ m LSND =0.9, 1.7, 6.0 eV 2 and in this scheme the solar neutrino deficit is 
accounted for by active oscillations while the atmospheric neutrino anomaly 
is explained by hybrid of active and sterile oscillations. There are also a cou- 
ple of exotic scenarios which give a good fit to the data. They are scenarios 
of neutrino decay and decoherence, and these hypotheses can be checked by 
looking at the oscillation dip in the probability in the future experiments. 
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